The sensory vesicle of ascidians is thought to be homologous to the vertebrate forebrain and midbrain (Development 125 (1998) 
Introduction
Ascidians are primitive invertebrate chordates that have been classically used for developmental biology studies (Conklin, 1905; Nishida, 1997) . They are classed into two orders, determined by the position of the gonad: the Enterogona, with the gonads in the gut loop, including Ciona, Ascidia and Phallusia, and the Pleurogona, with paired gonads, including Styela, Halocynthia and Mogula (reviewed in Satoh, 1994) . During larval stages ascidians exhibit a remarkably simple chordate body plan, possessing a notochord and dorsal hollow nerve cord (for a general review see Satoh, 1994; Nishida, 1997) . Both the cleavage pattern and the cell lineage are invariant in early ascidians. Gastrulation starts at the 110-cell stage, when the majority of cells are already restricted to form one tissue fate (Nishida, 1997) . By larval stages, Ciona contains approximately 2500 cells of which 266 constitute the central nervous system (Nicol and Meinertzhagen, 1991) . Despite the high degree of conservation of cleavage pattern and cell lineage between the different ascidian species and an apparent conservation of gene expression pro®les, regulation of gene expression may have diverged signi®cantly in some cases. This was recently highlighted in a study showing that the upstream regulatory sequences of brachyury genes in Halocynthia and Ciona are not conserved (Takahashi et al., 1999) .
The nervous system of ascidian tadpoles consists of the sensory vesicle (possibly equivalent to the forebrain and midbrain), the neck region (midbrain or anterior hindbrain), and the visceral ganglion and nerve cord (hindbrain and spinal cord) (Wada et al., 1998) . The sensory vesicle contains two sense organs, each containing a melanocyte or pigment cell: the posterior pigment cell is part of the ocellus within a light-sensitive eye-like structure, and the anterior pigment cell forms the gravity sensitive otolith.
Fate mapping experiments have determined that the central nervous system mainly derives from the anterior half of the eight-cell embryo (the A4.1 and a4.2 pairs; Fig. 1 ) (Nishida, 1987; Nicol and Meinertzhagen, 1988a,b) (from henceforth blastomeres will be referred to simply by their name, rather than as a pair). The sensory vesicle forms from a4.2 derivatives (Fig. 1) . The neck, visceral ganglion and nerve cord predominantly develops from A4.1 derivatives, with the dorsal-most cells being derived from the b4.2 blastomere (Fig. 1) .
Early experiments in ascidians revealed that the majority of blastomeres, when isolated from eight-cell embryos, continue to develop according to their normal lineage, high-lighting the importance of cell autonomous maternal determinants in ascidian development. One notable exception to this mosaic development was a lack of neural differentiation in animal half (a4.2 1 b4.2) embryos or animal blastomeres cultured in isolation. It was further shown that induction of neural fate in animal blastomeres, monitored by formation of pigment cells, required an interaction with A4.1 blastomere derivatives (Rose, 1939; Minganti, 1946, 1947) . Analyzing membrane excitability in cleavage-arrested embryos of Halocynthia aurantium and Halocynthia roretzi con®rmed that a signal was required from the inducing cell A4.1 for the responding cell a4.2 to adopt a neural fate and that this induction occurs within a speci®c time window, being completed around the early gastrula stage (Okado and Takahashi, 1990a) . Although b4.2 normally does not differentiate into pigment cells or neurons, it was shown that it could respond to the A4.1-derived signals and develop both neural-type membrane excitability in Halocynthia and form pigment cells in Styela and Aspetto (Rose, 1939; Reverberi and Minganti, 1947; Okado and Takahashi, 1990a) . In all cases, however, the competence of b4.2 to adopt a neural fate was signi®cantly lower than that of a4.2 (Rose, 1939; Reverberi and Minganti, 1947; Okado and Takahashi, 1990a) . Finally, more recent experiments have revealed that serine protease or basic FGF treatment of the a4.2 blastomere (Ortolani et al., 1979; Takahashi, 1990a, 1993; Inazawa et al., 1998) can mimic the inductive properties of A4.1. The action of bFGF was restricted to a similar time window as induction via cell contact with the endogenous inducer, while proteases showed slightly different kinetics, invoking a neural response in a much shorter time window (Inazawa et al., 1998) .
These studies, which initiated the analysis of neural induction in ascidians, had two major limitations. First, in these experiments neural membrane excitability and pigment cell formation identify only a subset of the a4.2-derived neural cells. It is therefore important to use additional neural markers to test whether the results described above can be extended to all a4.2-derived neural lineages. Second, these studies focused on terminal differentiation and therefore little is known about the intermediate steps of neural tissue formation. For example, it is unclear when the response of a4.2 and b4.2 to the signal starts to differ. Is the inducing signal initially interpreted differently by each cell, or is an identical early response translated later into the adoption of distinct fates? The response to this important question requires the isolation of early neural markers.
Here, we have cloned Ciona homologs of vertebrate otx and gsx which are expressed in the a4.2-derived neural lineages and which we used to address these issues.
Results

Identi®cation of Ciona homeobox-containing genes belonging to the gsx/ind and otx families
We have cloned a Ciona intestinalis homeobox gene encoding for a protein whose homeodomain is most similar to that of mouse and medaka gsh (78% amino acid identity), Amphioxus AmphiGsx (75% identity) and Drosophila ind (73% amino acid identity) (Fig. 2b) . Gsh (Genomic Screening Homeobox) genes were ®rst identi®ed in mouse (gsh-1 and 2; Singh et al., 1991; Valerius et al., 1995; Hsieh-Li et al., 1995) and subsequently in medaka (Ol-Gsh 1; Deschet et al., 1998) , Amphioxus (AmphiGsx; Brooke et al., 1998) and Drosophila (intermediate neuroblasts defective (ind); Weiss et al., 1998) and expression of these molecules is restricted to the nervous system. Outside of the gsh/ind family, the most similar homeodomain is that of the HoxD4 gene (65% amino acid identity). A shorter fragment of the same cDNA has previously been cloned and named CiHbox2 (Di Gregorio et al., 1995) . On the basis of sequence comparisons and expression data (see below) we propose to rename Ci-Hbox2, Ci-gsx. Outside of the homeodomain, the predicted Ci-gsx amino acid sequence shares little homology with its homologs in other species and lacks the polyalanine tracts found in vertebrate gsh proteins (Valerius et al., 1995; Hsieh-Li et al., 1995; Deschet et al., 1998) (Fig. 2a) .
We also cloned a Ciona homolog of vertebrate otx and Drosophila otd, which are involved in anterior neural Fig. 1 . Fate map of the ascidian nervous system (taken and adapted from Nishida, 1987) . On the right of the ®gure, the central nervous system is shown, and on the left a lateral view of an eight-cell stage embryo is shown. The anterior nervous system, the sensory vesicle, is derived from a4.2. The nerve cord is derived from A4.1, with the dorsal-most cells being descendants of b4.2.
formation from Drosophila to mouse (Finkelstein and Boncinelli, 1994) . The protein sequence of Ci-otx is very similar to Hroth, the Halocynthia counterpart (Wada et al., 1996) , sharing 52% identity over the entire protein sequence. The homeodomain of Ci-otx shares a high degree of conservation with other Otx homeodomains (Fig. 2c ).
Ciona gsx is expressed in the posterior sensory vesicle
Expression of Ci-gsx in early embryos was ®rst detected by in situ hybridization at the mid-gastrula stage in two blastomeres of the neural plate (Fig. 3a) . The neural plate of ascidians is a simple structure consisting of a monolayer of cells, of which the cleavage pattern is well documented allowing one to precisely identify each cell and know its lineage (Nicol and Meinertzhagen, 1988a,b) . Expression of Ci-gsx is restricted to the neural plate (Fig. 3i,j) . In order to determine precisely which cells express Ci-gsx, we collected embryos at sequential time points during gastrula-neurula stages and revealed Ci-gsx expression by in situ hybridization. We then stained the embryos with a nuclear dye, which allowed us to identify each blastomere by comparing the cell number and pattern of cell division with the neural plate fate map established by Nicol and Meinertzhagen (1988b) . Ci-gsx expression was ®rst detected in two cells in the third row of neural plate cells (Fig. 3a,e ). The precise identity of these cells was con®rmed by following the pattern of cell cleavages. First the medial four cells in row II divide to give the 44-cell neural plate (Nicol and Meinertzhagen, 1988b) (Fig. 3b,f) . This is followed by the medial four cells in row I (Fig. 4c,g ).
Next the medial four cells in rows III and V divide, along with the lateral cells in rows I and II (Fig. 3d,h) . From this analysis, we conclude that Ci-gsx expression is ®rst detected in the a9.33 pair of blastomeres, which are fated to form posterior sensory vesicle (Nishida, 1987; Nicol and Meinertzhagen, 1988b) . Expression is absent from the anterior sister of a9.33, the a9.34 blastomere which is also of sensory vesicle lineage, suggesting that the onset of Ci-gsx expression may be coincident with cell fate restriction of posterior sensory vesicle. When the a9.33 precursor divides, expression of Ci-gsx is maintained in both sister blastomeres, the a10.65 and a10.66 (Fig. 3d,h ). This expression pattern persists and by early tailbud stages, expression is restricted to two domains bordering the midline (Fig. 3k) . By mid-tailbud stages in embryos co-stained with tyrosinase, a marker for pigment cell precursors, the strongest expression of Ci-gsx can be seen in the posterior sensory vesicle bordering the posterior pigment cell (Fig. 3l) . We conclude that at neural plate stages Ci-gsx is a marker of posterior a4.2-derived sensory vesicle precursors and, following this lineage, subsequently marks the posterior sensory vesicle during tailbud stages.
Expression of Ciona otx
Expression of Ci-otx is essentially the same as described in Halocynthia with a few differences (Fig. 4 and for a detailed description in Halocynthia, Wada et al., 1996) . Expression is detected at the early 32-cell stage in two posterior endoderm blastomeres (B6.1) and the muscle/ mesenchyme/notochord precursors (B6.4, B6.2; Fig. 4a,b) . By the late 32-cell stage (Fig. 4c,d ), expression begins in b6.5, the derivatives of which gives rise to epidermis, tail tip muscle and endoderm and to the most dorsal ependymal cell of the nerve cord. Expression also appears in a6.5 which gives rise to the sensory vesicle, palps and pharynx. Fortyfour-cell stage embryos show expression in a6.5, b6.5 and B6.4 (Fig. 4e,f) . In some embryos expression could still be detected in B6.1 (for example, see Fig. 7o ). This is slightly different to Halocynthia embryos where expression of Hroth is no longer detectable in B6.4 mesenchyme precursors at the 44-cell stage (Wada et al., 1996) . By the 110-cell stage, expression of Ci-otx is detected throughout the endoderm, mesenchyme and trunk lateral cell precursors, but becomes barely detectable in the neural precursors (Fig. 4g,h ). This is also different from what is observed in Halocynthia and Herdmania where expression is strongly maintained in the a4.2-derived neural precursors at the 110-cell stage (Wada et al., 1996; Hinman and Degnan, 2000) . Shortly after gastrulation commences, Ci-otx is strongly upregulated in the neural plate precursors (see Fig. 7j ) and subsequently downregulated in the endoderm and mesenchyme. By neural plate stages, expression is observed as an intense band across the neural plate (Fig. 4i) . As for Ci-gsx, using double staining with a nuclear dye, we determined that this site of expression corresponds to the six cells in rows III and IV of the neural plate, i.e. the sensory vesicle and pharynx precursors (Nicol and Meinertzhagen, 1988b; Nishida, 1987) (Fig. 4l,m) . Subsequently, expression becomes stronger throughout the a4.2-derived neural plate (rows III±VI) (Fig. 4j ,n,o) persisting until tailbud stages when expression is detected in the forming sensory vesicle and the anterior epidermal cap (Fig. 4k) . Comparison of the expression patterns of Ci-otx and Ci-gsx indicates that from its onset of expression, transcripts of Ci-gsx are found within the most posterior expression domain of Ci-otx.
Therefore, from mid-gastrula stages these two molecules speci®cally mark the anterior nervous system, with Ci-otx marking the entire sensory vesicle and part of the anterior ectoderm and Ci-gsx marking the posterior sensory vesicle. Using these markers, we carried out a series of blastomere isolation and recombination experiments to study anterior neural induction.
Induction of Ci-otx and Ci-gsx requires interaction with the vegetal pole
To con®rm that a signal is required from the vegetal cells to the animal cells for induction of anterior neural gene expression, we bisected embryos into animal and vegetal halves at the eight-cell stage (Fig. 5a ), cultured the partial embryos until early tailbud stages and assayed for gene expression by in situ hybridization. Similar to the results found for Hroth in Halocynthia (Wada et al., 1999) we found that neither Ci-otx (98% negative, n 45) nor Cigsx (100% negative, n 53) are expressed in animal half explants cultured in isolation, suggesting that interaction with the vegetal half is required for expression of these genes ( Fig. 5c and data not shown). In this experiment we also observed very little expression in vegetal half explants ( Fig. 5d and data not shown). Embryo quarter explants (a4.2, b4.2 and B4.1) cultured in isolation from the eightcell stage failed to express Ci-otx at tailbud stages (data not shown). However, we found strong expression of Ci-otx in A4.1 derivatives in 17% (n 76) of cases with a further 20% showing a much smaller domain of expression which we designated as a`patch' of expression (see Fig. 6c for a description of the scheme used for scoring expression domains). In these studies we observed many vegetal half embryos (n 355); these showed an average positive score of 25% and a patch score of 10% (Fig. 6d) . Expression in A4.1 derivatives may represent residual expression in the anterior endoderm, which is obscured by the neural expression in whole embryos.
As mentioned above, the earliest expression of Ci-otx in a4.2 derivatives was detected at the late 32-cell stage. To determine whether the absence of Ci-otx expression detected in animal explants at tailbud stages was due to a lack of initiation of Ci-otx expression or to a lack of maintenance of this expression, we bisected embryos into animal and vegetal halves at the eight-cell stage and assayed at the 44-cell stage for gene expression. No expression of Ci-otx was observed in the animal explants (94% negative, n 101), whereas the expression in the vegetal explants appeared unaffected (81% positive, n 121); Fig. 5e±g ). This implies a failure of initiation of Ci-otx expression in the neural lineage and demonstrates that vegetal to animal cell signalling is required prior to the 44-cell stage for the initiation of Ci-otx expression. Similar results were found in a4.2 or b4.2 explants isolated at the eight-cell stage and cultured until the 44-cell stage, gastrula stage, and tailbud stage (see Fig. 7 ).
These experiments show that cell contacts between animal and vegetal blastomeres are required for the induction of anterior neural markers. Analysis at the 44-cell stage demonstrates that this cell interaction is required for the early induction of Ci-otx in the anterior neural precursors.
Anterior neural induction involves a differential inductive capacity of the vegetal blastomeres and a difference in the competence of the responding animal blastomeres
The next question asked was whether restriction of Ci-otx and Ci-gsx to the anterior neural plate relies on a differential inducing ability of the vegetal blastomeres or a differential competence of the animal blastomeres to respond. This was addressed using a series of blastomere co-isolations and recombinations (Fig. 6a) , in which partial embryos were cultured until the tailbud stage and then assayed for gene expression by in situ hybridization. A summary of the data is represented as graphs in Fig. 6d .
In anterior half explants (A4.1 and a4.2), we found that a large area was induced to express Ci-otx (78%, n 45; Fig.  6cii ) while a smaller area expressed Ci-gsx (86%, n 74; Fig. 6bii ) in a manner strikingly similar to that observed in whole embryos. This suggests that the posterior half of the embryo was not required for anterior neural induction. Recombinations of isolated A4.1 and a4.2 blastomeres were carried out as a control for the recombination techni- Explants were scored as follows: positive (ii); the lowest domain of expression scored as positive is shown in (iii); less than that seen in (iii) was scored as a patch of expression, with the lowest expression domain scored as a patch shown in (iv); less than (iv) to (v) was scored as negative. (d) Graphs showing the average value from the pooled data from three experiments for each marker in the ®rst ®ve bars; the following bars are the average score for data pooled from a number of experiments. Blocked colour indicates explants scored as positive; hatched boxes refer to explants scored as a patch; W, whole embryos; A, A4.1; B, B4.1; a, a4.2; b, b4.2; rec., recombined blastomeres.
que and gave essentially the same result as co-isolation, with high induction of Ci-otx (80%, n 65) and Ci-gsx (68%, n 69; Fig. 6biii) , showing that the recombination technique was reliable.
In order to investigate if the animal blastomeres (a4.2 and b4.2) showed differential ability to respond to the anterior neural inducers emitted from A4.1 descendants, we recombined A4.1 with b4.2 blastomeres. In this experiment, strong Ci-otx expression was observed in 28% (n 86) of cases with a further 19% showing a small patch of expression (see Fig. 6c for description of scoring procedure). Taking into account that around 20% of A4.1 explants cultured alone expressed Ci-otx, we conclude that b4.2 can only activate Ci-otx in response to signals from A4.1 descendants in a small number of cases. Ci-gsx was expressed in 6% (n 70) of these recombinations and in these cases the area expressing Ci-gsx was small (Fig. 6biv) . The marked reduction in gene expression in these recombinations compared to A4.1 1 a4.2 recombinations shows that b4.2 has a much lower competence than a4.2 to adopt an anterior neural fate in response to the A4.1-derived inducer, thus supporting and extending the work of Rose (1939) , Minganti (1946, 1947) and Okado and Takahashi (1990a) .
The next question addressed was whether there was a difference in ability to induce anterior markers between the two vegetal blastomere descendants (A4.1 and B4.1). In this set of experiments, we recombined the responding blastomere a4.2 with B4.1. Ci-otx was strongly induced in 11% (n 95) of cases with a further 20% showing a patch of expression. Ci-gsx was never observed in these recombinations (n 79; Fig. 6bv ). We conclude that B4.1 derivatives have some ability to induce anterior markers but much less than is found in A4.1. The lack of expression of Ci-gsx in B4.1 1 a4.2 recombinations may indicate that the induction of Ci-otx in these explants represents anterior ectoderm, rather than sensory vesicle. Posterior half (B4.1 and b4.2) explants showed no expression of Ci-otx (98% negative, n 111) or Ci-gsx (100% negative, n 94; Fig. 6bvi ).
These results show that there is a difference in the competence of the animal blastomeres to respond to anterior neural inducers as well as a difference in the ability of the vegetal blastomeres to induce anterior neural markers, and we propose that both of these factors play an important role in restricting anterior neural induction to the a4.2 descendants. Our results indicate that the conclusions drawn from the work of Rose (1939) , Minganti (1946, 1947) and Okado and Takahashi (1990a,b) may be generally applicable to anterior neural induction in ascidians.
bFGF induces Ci-otx in a4.2, but not b4.2 derivatives
In the recombination experiments described in the previous section, we analyzed expression of Ci-otx and Ci-gsx at the tailbud stage. It was therefore not possible to distinguish between a loss of maintenance of anterior neural induction in b4.2 derivatives or a lack of induction. This would require analysis at earlier time points, but the endodermal expression of Ci-otx in A4.1 and B4.1 derivatives during the cleavage and gastrula stages would render this experiment dif®cult to interpret. To overcome this dif®culty, we tested, at different time points after the onset of treatment, the response of a4.2 and b4.2 blastomeres to bFGF, a growth factor which has been shown to mimic the neural inducing activity of A4.1 derivatives (Inazawa et al., 1998) and to be critical for neural development in chick embryos (Wilson et al., 2000; Streit et al., 2000) . To con®rm that bFGF mimicked the activity of the endogenous inducer, we ®rst tested whether bFGF could induce expression of Ci-otx in animal half explants by the tailbud stage. Animal half explants were isolated at the eight-cell stage and treated with sea water or various concentrations of bFGF (1, 10 or 100 ng/ml) until the early tailbud stages. Animal explants cultured to the tailbud stage in sea water alone have a rounded, disc-shape morphology (Fig. 7b) . bFGF-treated explants appeared more compact and had striking bumps and protrusions (Fig. 7c) . These morphological changes were accompanied by induction of Ci-otx expression and were dose-dependent, occurring more frequently with increasing doses of bFGF (Fig. 7d) . Half of the explants were induced to express Ci-otx at around 10 ng/ml bFGF and almost 100% expressed Ci-otx after treatment with 100 ng/ml bFGF, a result very similar to that seen in Halocynthia (Inazawa et al., 1998) . For all subsequent experiments, unless otherwise stated, 100 ng/ml bFGF was used because this dose gave the most robust induction of Ci-otx.
As expected, bFGF, like the endogenous inducer, elicited different responses by the tailbud stage in a4.2 and b4.2. Treatment with bFGF induced Ci-otx in a4.2 derivatives (93%, n 54), whereas b4.2 derivatives showed a much reduced response (10%, n 31; Fig. 7e±i ). These results indicate that bFGF can be used as a replacement to the A4.1-derived inducer to study the regulation of Ci-otx. This enabled us to look at an earlier stage at the response of a4.2 and b4.2 to bFGF. bFGF-treated explants were ®rst analyzed at the early gastrula stages. Eighty-®ve percent (n 46) of a4.2 explants and 24% (n 38) of b4.2 explants expressed Ci-otx (Fig. 8m,n) . Expression was not seen in a4.2 explants (95% negative, n 40) or b4.2 explants (100% negative, n 40) cultured in sea water alone (Fig. 7k,l) . To analyze this further, we looked at the response to bFGF at the 44-cell stage. We found that incubation in the presence of bFGF induced expression of Ci-otx in a4.2 (96%, n 27) and b4.2 (100%, n 27) derivatives when assayed at the 44-cell stage (Fig. 7r,s) , whereas isolated a4.2 and b4.2 blastomeres cultured in sea water alone showed no expression (a4.2, 100% negative, n 26; b4.2, 100% negative, n 19; Fig. 7p,q ). It appears that both a4.2 and b4.2 animal blastomere derivatives can respond to bFGF signalling by expressing Ci-otx at the 44-cell stage, but that by the early gastrula stage, this expression is only detected in a4.2 derivatives. There are two possibilities to account for the expression of Ci-otx at the 44-cell stage in b4.2 explants treated with bFGF; either the blastomeres are partially converted to an anterior neural fate which they cannot maintain until the early gastrula stage, or the expression is indicative of the b4.2 derivative which normally expresses Ci-otx at the 44-cell stage, i.e. the b6.5 blastomere (Figs. 3e,f and 7o) . The absence of a b6.5 marker does not allow us to con®rm which of these events is occurring. This result suggests, however, that FGF can act very early (prior to the 44-cell stage) to induce Ci-otx in the a4.2 and b4.2 lineages.
Although bFGF seems to mimic the endogenous signal in its ability to induce the expression of Ci-otx, a signi®cant difference was seen when analyzing Ci-gsx expression. We found no induction of Ci-gsx in animal half embryos isolated at the eight-cell stage and incubated in bFGF until the tailbud stage (10 ng/ml bFGF 0% positive, n 38; 100 ng/ml 0% positive, n 19). Ci-gsx was also not observed in bFGF-treated or untreated a4.2 or b4.2 explants (data not shown). This indicates that bFGF is able to elicit in animal cap cells only part of the genetic programme activated by the signals emitted by the progeny of A4.1, which suggests the existence of additional inducing molecules.
Importantly, in these experiments we could not distinguish between induction of sensory vesicle or anterior ectoderm since both tissues express Ci-otx in whole embryos. This prompted us to characterize in more detail the fate of bFGF-treated blastomeres.
Fate of bFGF-treated a4.2 explants
We ®rst looked for neural tissue in bFGF-treated a4.2 blastomere derivatives by looking for the presence of differentiated neurons at swimming larvae stages. To do this, we utilized anti-acetylated tubulin antibodies which, in whole embryos, label cilia (Crowther and Whittaker, 1992) and neurons along the entire neuraxis (Nakatani et al., 1999) . We observed strong staining in both neurons (Fig. 8a) and the cilia pairs along the tail (Fig. 8b) . These cilia pairs originate from cell bodies of peripheral neurons, which run under the dorsal and ventral epidermis (Crowther and Whittaker, 1994) .
In untreated a4.2 explants (95% negative, n 61; Fig. 8f) or A4.1 explants cultured alone (n 46; data not shown) we observed very few neurons or cilia. In a4.2 blastomeres coisolated with the natural inducer A4.1, neurons were observed in 40% (n 118) of cases (Fig. 8c) . In these anterior half explants we observed very few cilia (7%). bFGF treatment of a4.2 explants induced the formation of neurons in 28% (n 92) of cases, the majority of which appeared inside the explant (Fig. 8g) , although a few neurons with large cell bodies appeared closer to or at the surface of the explant and may represent a different type of neuron (Fig.  8h) . We also observed induction of cilia in a small number of cases (18%). Neurons formed only rarely in B4.1 1 a4.2 recombinations (8%, n 153), although cilia formed in 30% of cases (data not shown). Neither neurons nor cilia formed B4.1 explants cultured alone (n 66; data not shown). These results show that bFGF can induce neurons in a4.2 albeit to a lesser extent than the endogenous A4.1-derived inducer. a4.2 can also respond in a number of cases to B4.1 and bFGF by producing cilia.
The use of acetylated beta tubulin antibodies did not allow us to distinguish between the formation of neurons from the central or peripheral nervous systems. To test for the presence of sensory vesicle-derived tissue in the bFGFtreated explants, we looked in treated blastomeres for the formation of pigment cells, a late differentiation marker for the sensory vesicle lineage, which originates from the same anterior-posterior position as Ci-gsx during neural plate stages. Pigment cells did not form in untreated isolated a4.2 blastomeres cultured to the swimming larval stage (0%, n 71; Fig. 9d ). However, bFGF treatment induced pigment cells in 36% of a4.2 explants (one to four pigment cells per explant, n 137; Fig. 9f ), similar to the frequency observed in A4.1-a4.2 explants (35%, one to three pigment cells, n 60; Fig. 9b ). The majority of pigment cells which formed in these experiments contained large pigment granules, suggesting that they are of the otolith type. Recombinations of a4.2 with B4.1 led to induction of pigment cells in only 4% (n 153) of cases.
Taken together, these results show that bFGF-treated a4.2 blastomeres do indeed contain sensory vesicle tissue, suggesting that while bFGF cannot fully replace A4.1 as an anterior neural inducer, the induction of Ci-otx by bFGF does not solely re¯ect induction of anterior ectoderm. Additionally, these results further show that similar to the results found for Ci-otx and Ci-gsx, B4.1 is a much less competent inducer of neurons and pigment cells in a4.2 derivatives than A4.1.
Fate of bFGF-treated b4.2 explants
In the majority of cases involving b4.2 as the responding blastomere, we observed no induction of Ci-otx or Ci-gsx. Therefore, we looked to see if b4.2 explants could respond to bFGF or A4.1 and produce some neural tissue. In both uninduced a4.2 and b4.2 explants epidermis differentiation was seen as judged by the presence of the tunic (Fig. 9d,e,  arrows) . However, in either a4.2 or b4.2 explants treated with bFGF, the surface of the whole or part of the explant was devoid of tunic (Fig. 9f,g ), suggesting that in b4.2 explants as in a4.2 explants, bFGF may suppress epidermal differentiation.
Analysis of acetylated tubulin in b4.2 gave unexpected results. While neurons did not form in untreated b4.2 explants (97% negative, n 99; Fig. 8i) , recombinations with A4.1 induced neuronal formation in 40% (n 129; Fig. 8e ) of recombinations. Posterior (B4.1 1 b4.2) explants possessed neurons in fewer cases (11%, n 123) and these were generally signi®cantly less numerous than those seen in A4.1 1 b4.2 blastomere recombinations. Explants treated with bFGF showed neuronal differentiation in 62% (n 6; Fig. 8j ) of cases. Both the proportion of explants induced to form neurons and the numbers of neurons per positive explants were higher than that found in bFGF-treated a4.2 explants.
In posterior explants, cilia pairs formed (63%, n 123; Fig. 8d) . Recombinations of A4.1 1 b4.2 could also produce cilia, although less frequently (24%, n 129). We also observed induction of cilia in b4.2 by bFGF (68%, n 66; Fig. 8k ). We observed very few cases of pigment cell formation in A4.1 1 b4.2 recombinations or bFGF-treated b4.2 (less than 4% in both cases, data not shown) and never in B4.1 1 b4.2 posterior explants.
Taken together, these data show that b4.2 is competent to respond to bFGF and A4.1 and adopt a neural fate. As judged by the lack of Ci-otx, Ci-gsx and pigment cell formation in b4.2, the neural tissue induced is not anterior in character. While B4.1 does not induce high levels of Ci-gsx, Ci-otx, pigment cells or neurons in either a4.2 or b4.2, B4.1 appears to induce peripheral neurons, as characterized by cilia, in both animal blastomeres at higher levels than A4.1. These results also show that b4.2 is more competent to produce cilia in response to B4.1 or bFGF than is a4.2.
Discussion
Expression patterns of Ci-otx and Ci-gsx
Here, we report the cloning and expression patterns of two sensory vesicle markers in the ascidian, Ciona intestinalis. Ci-otx is expressed dynamically during early cleavage and is restricted to a4.2-derived neural precursors from midgastrula stages. The expression pattern of Ci-otx in endoderm and anterior neural precursors appears somewhat similar to that reported in vertebrates. In mouse, otx2 is expressed in the endoderm which is critical for anterior neural induction (Rhinn et al., 1998) and subsequently in the fore-and midbrain (Simeone, 1998) . A detailed comparison between ascidian and vertebrate otx expression from gastrula stages can be found in Wada et al. (1996) .
Ci-gsx is expressed in a4.2-derived posterior sensory vesicle precursors from early neurula to tailbud stages within the posterior expression domain of Ci-otx. In mouse and medaka, gsh genes are expressed in two bands of cells running along the anterior-posterior axis of the central nervous system located in the intermediate neurogenic region, with additional expression in speci®c regions of the fore-, mid-and hindbrain (Hsieh-Li et al., 1995; Szucsik et al., 1997; Valerius et al., 1995; Deschet et al., 1998) . In Drosophila, ind is expressed in lateral columns of the ventral nerve cord, in a pattern remarkably similar to that described for the mouse and medaka Gsh genes (Weiss et al., 1998; Arendt and Nubler-Jung, 1999) . In contrast, amphioxus was found to have a more limited expression domain, being restricted to the cerebral vesicle, the equivalent of the vertebrate fore-and midbrain (Brooke et al., 1998) . We ®nd that expression of Ci-gsx is more reminiscent of the expression seen in amphioxus, being restricted to the sensory vesicle (Brooke et al., 1998) . Expression of Cigsx appears much earlier in development than its counterparts in other chordate species.
Anterior neural induction in ascidians
Early studies showed that both a4.2 and b4.2 blastomeres could respond to neural inducers producing pigment cells and neuron-type membrane excitability, and that b4.2 had a lower competence to respond than a4.2 (Rose, 1939; Minganti, 1946, 1947; Okado and Takahashi, 1990a) . However, since these studies looked at differentiation of speci®c cell types, it was not clear whether the reduced competence of b4.2 was due to reduced general neural induction, or if the induced blastomeres lacked the ability to produce these speci®c neural cell types. Additionally, in cleavage-arrested embryos, only one cell type can be adopted and therefore a partial neural conversion would not be detected.
In this study we looked again at neural induction using Ci-otx and Ci-gsx which enabled us to look at earlier steps of neural tissue formation and to focus on anterior neural fates. In addition, our analysis did not require cleavage arrest and therefore we could analyze neural induction at a more physiological level.
Using a series of blastomere co-isolations and recombinations we found that high levels of anterior neural induction occurred only when both the anterior vegetal and anterior animal blastomeres were recombined. Anterior and posterior vegetal cells have a different inductive capacity while anterior and posterior animal cells show a different competence to respond. Furthermore, we found that a4.2 and b4.2 blastomeres also have a strikingly different competence to respond to bFGF and that this difference in competence can be detected as early as the gastrula stage. Although it seems that only a4.2 can adopt an anterior neural fate, our experiments with A4.1 1 b4.2 and bFGFtreated b4.2 suggest that the difference in competence between a4.2 and b4.2 is not the result of an inability of b4.2 to respond to neural inducing signals: the morphology of bFGF-treated b4.2 explants is altered, tunic formation is decreased and these explants produce many neurons and cilia. The precise identity of the neurons produced in response to A4.1 and bFGF demands a much more detailed neuronal fate map and a collection of neuronal markers speci®c to each lineage. Very little is known about the formation of peripheral neurons in ascidians. We were able to show that cilia pairs, which mark a speci®c type of peripheral neuron (Crowther and Whittaker, 1994) , could be induced by B4.1 much more readily than by A4.1. Similarly, b4.2 was more competent to produce cilia in response to B4.1 and bFGF than a4.2.
Basis for a difference in competence
It is likely that the difference in competence to form anterior neural tissue between a4.2 and b4.2 descendants is established maternally, since it is already apparent when blastomeres are isolated at the eight-cell stage. After fertilization, ascidian eggs undergo extensive cytoplasmic rearrangement, termed ooplasmic segregation, resulting in the localization of a region of cytoplasm termed the myoplasm or posterior cytoplasm to a sub-equatorial position in the egg, the future posterior pole. This ooplasmic segregation is responsible for the correct positioning of the embryonic anterior-posterior axis, for positioning of endoderm, muscle and ectoderm lineages, and also for the establishment of the correct early cleavage asymmetries (Nishida, 1992 (Nishida, , 1993 (Nishida, , 1994a . It has been proposed that posterior fate is dominant over anterior and is determined by maternal determinants localized in the posterior cytoplasm. The default anterior fate would only occur in the absence of these determinants (Nishida, 1994b) . This early segregation event may also be responsible for the difference in competence between the animal blastomeres in terms of anterior neural induction. One could imagine that the posterior cytoplasm inherited predominantly by B4.1 is also present in b4.2 and confers upon this cell a different responsiveness to neural inducers than a4.2. In embryos in which the posterior cytoplasm is removed at the one-cell stage, the embryo develops in a radially symmetrical, anteriorized fashion (Nishida, 1994b) . If the posterior vegetal cytoplasm is then fused into the anterior vegetal side, the polarity of the subsequent embryos is reversed. It would be very interesting to determine in normal embryos whether b4.2 cells inherit some posterior vegetal cytoplasm, and whether this is responsible for the difference in competence that we see across the animal hemisphere.
A differential competence of animal blastomeres to respond to neural inducing signals is also observed in vertebrates. In Xenopus, dorsal (future neural plate) adopts a neural fate much more readily than ventral (future epidermis) ectoderm (Sharpe et al., 1987; Sokol and Melton, 1991; Otte and Moon, 1992) . Recent evidence suggests that a maternal event, implicating the stabilization of b-catenin, enhances the competence of the dorsal ectoderm in Xenopus embryos to become neural, the subsequent induction of neural tissue relying on zygotic molecules secreted from the organizer (Baker et al., 1999; . However, in Xenopus, this difference in competence is between neural and epidermal fate, whereas in ascidians our results suggest that this difference appears to be between anterior and posterior neural fates. Additionally, in Xenopus, the difference in competence can be overridden and ventral ectoderm can be converted to a neural fate. In ascidians, as we show here, b4.2 explants very rarely adopt an anterior neural fate. In ascidians, cell fates are determined in embryos with very few cells, whereas in Xenopus cell fates are determined in embryos with many more cells. One could imagine that if a diffusible inducer was responsible for neural induction, in embryos with a small cell number the competence to respond would have to be much more tightly regulated than in much larger embryos with many cells and a highly regulative mode of development.
Role of bFGF in neural induction
It has been proposed that bFGF may be the natural neural inducer in ascidians (Inazawa et al., 1998) . The time window of action and the response of animal blastomeres to bFGF are similar to those observed with the natural inducer (Inazawa et al., 1998) . We con®rmed that in Ciona, bFGF also has inducing activity and used this as a tool to further investigate the induction of neural markers. The early induction of Ci-otx in a4.2 and b4.2 explants by the 44-cell stage suggests that bFGF is acting directly to induce Ci-otx. The lack of mesoderm (notochord and muscle) and endoderm in these explants (data not shown) lends support to this, although we cannot exclude the possibility that a tissue for which we have no marker as yet is induced which secondarily induces or maintains neural markers. a4.2 blastomeres respond to bFGF by expressing Ci-otx and developing pigment cells at levels comparable to induction by A4.1. However, high concentrations of bFGF were required to obtain the same level of Ci-otx induction as that seen in response to the natural inducer. It is very dif®cult to imagine that this concentration of bFGF could be achieved in an embryo, although it is possible that high levels are only required because recombinant human bFGF used in this study may be less potent than the endogenous FGF. Testing this hypothesis will require the cloning and analysis of FGF molecules in ascidians. Additionally, although a4.2 blastomeres responded similarly to bFGF and the endogenous inducer, in terms of expression of Ci-otx and pigment cells formation, the much reduced number of neurons produced and the lack of induction of Ci-gsx in response to bFGF indicates that even high concentrations of bFGF cannot fully replace A4.1 as an anterior neural inducer. Moreover, a recent analysis of the ability of A4.1 and B4.1 line blastomeres to induce notochord or mesenchyme, two FGF inducible cell fates, has led to the proposition that an FGF-like signal is emitted by both A4.1 and B4.1 derivatives (Kim et al., 2000) . Our ®ndings that anterior and posterior vegetal blastomeres have very dissimilar neural inducing ability lends support to the proposition that FGF signalling is not the sole requirement for induction of anterior neural fates.
Experimental procedures
Embryos
Adults were obtained from the Station de Biologie Marine in Roscoff and from the Saumaty industrial harbour in Marseille. Eggs and sperm were collected by dissection and cross fertilizations were made in petri dishes. Dechorionated embryos (according to Mita-Miyazawa et al., 1985) were raised in sea water at 13±188C on 1% agarose-coated dishes in arti®cial sea water (420 mM NaCl, 90 mM KCl, 10 mM CaCl 2 , 24.5 mM MgCl 2 , 25.5 mM MgSO 4 , 2.15 mM NaHCO 3 , 10 mM Hepes (pH 8.0)) supplemented with 50 mg/ml gentamycin. Explants were dissected with a ®ne glass needle. Recombinations were carried out by placing blastomere pairs in contact, in 30% PEG(8000) and then washing in sea water.
bFGF (Sigma, F0291) was diluted in 0.1% BSA (bovine serum albumin, fraction V, Sigma, A8022) in sea water. Explants were placed in bFGF solution until the required stage and ®xed.
Cloning of Ci-gsx and Ci-otx
Ci-gsx and Ci-otx were ampli®ed from mid-gastrula embryo cDNA using the degenerate antennapedia class primers previously described (Moretti et al., 1994 ) with a 508C annealing temperature and 2 mM MgCl 2 . Full-length cDNAs were obtained by screening a tailbud cDNA library using standard procedures. Sequencing was done by Genome Express, Genoble. The Genbank database accession numbers are AF305499 (Ci-otx) and AF305500 (Cigsx).
In situ hybridization
In situs were carried out as described (Wada et al., 1995) . For Fig. 3 embryos were collected every 15 min from early gastrula (4.5 h at 188C) until the tailbud began to elongate (8 h). Nuclei were observed using Syto11 or 13 Live Cell Nucleic Acid Stain (Molecular probes). For photography, all embryos were mounted in 50±80% glycerol in PBSTween. Often this led the embryos to appear rather bigger than in unmounted specimens. Embryos co-stained with a nuclear dye and those in Figs. 3i,k, 4e,g and 9b±e,g were photographed prior to mounting.
Staining with anti-acetylated tubulin
Anti-acetylated tubulin (Sigma T6793) antibody staining was carried out as follows. Brie¯y, embryos or explants were ®xed in 2208C methanol for 10 min and washed three times for 10 min in PBS-Triton X (0.05%). Primary antibody was used at 1:1000 in PBS-Tween (0.1%) and incubated overnight at 48C. Samples were washed for at least 10 min three times in PBS-Tween at room temperature, and then secondary antibody (AlexaFluore 488 goat antimouse IgG, Molecular probes, used at 1:100 in PBS-Tween) was incubated overnight at 48C. Finally, samples were washed at least three times for 10 min in PBS-Tween and mounted in 80% glycerol.
This antibody also stained another structure in explants on the surface of both a4.2 and b4.2 explants treated with bFGF or combined with A4.1 (data not shown), which was not seen in similarly high numbers in whole embryos. These structures were shorter than the neurons and cilia and may represent a different kind or partially formed cilia or sensory neurons. Since we could not de®ne these structures as either neuron-like or cilia-like, neurons were scored as positive only if they were present in a group of neurons. Cilia were scored only if they were present as a pair or if they could be seen projecting into the tunic.
Note added in proof
Ciona-otx has been independently cloned and reported: Nanami Utsumi and Hidetoshi Saiga (2001) . Comparison of the Structure and Expression of otx Genes Between Ciona intestinalis and Halocynthia roretzi. In: Biology of Ascidians, subtitle: Proceedings of the First International Symposium on the Biology of Ascidians, Sappora, Japan June 26±30, 2000, Springer±Verlag, Tokyo.
